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 As energy demand increases, renewable alternatives to fossil fuel supplies 
are becoming increasingly popular.  Photovoltaic (PV) cells are an alternative 
energy resource that harnesses the sun’s energy and converts it to electrical energy.  
The benefits of PV cells are that they use renewable energy and can fit many 
different applications, from industrial plants to wristwatches12. 
Photovoltaic cells are made from a semi-conductor, such as silicon, and 
contain highly conductive “current-collector” lines.  A photovoltaic cell collects 
photon energy by transition between the electronic states in a semiconductor.  A 
semiconductor has two electronic bands; a valence band and conduction band (see 
Figure 1).  
 
Figure 1: Semiconductor Electronic Energy States 
Photon energy increases the energy in the semiconductor so that electrons 
from the valence band are energized and overcome the band gap.  In the 
conduction band, there is a slight current that will carry the electrons to the 
current collector lines (see Figure 2). Current collector lines are highly conductive 
to reduce energy lost in transmitting the electrons to an energy storage device.   
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Figure 2: Photo of a photovoltaic cell, with current collector lines on a silicon 
semiconductor16 
 Photovoltaic cells are not yet competitive in the energy market because 
they are not as efficient or inexpensive as fossil fuels.  The main reason PV cells are 
not competitive is because a cheap manufacturing method has yet to be found, 
that synthesizes efficient PV cells. 
PV Manufacturing 
Photovoltaic cells are made by two main methods: photolithography and 
screen-printing.  Photolithography uses photo-resist mask patterning to imprint a 
silver polymer paste onto the PV cell.  This requires many different steps, 
including photoresist, soft-baking, mask alignment and exposure, development 
and hard-baking14.This is a time consuming and expensive technique.  Recently, 
screen-printing of current collector lines on photovoltaic cells has become popular.  
Screen printing basically embeds a stencil onto the silicon with an emulsion, which 
is then exposed to light and washed to create the stencil.  The silver polymer ink is 
then applied to the screen and pushed into the stencil.  The PV cell is then 
processed to remove the solvent from the silver polymer ink (operating 
temperatures around 700-800°C)15.  Screen printing is quick and cost effective; 
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however, screen-printed solar panels are less efficient then solar cells made from 
photolithography by about 1.5-2%.  This lower efficiency is mostly due to 
“shading”8.  Shading is the effect of printing thicker current collector lines to 
increase the conductivity of the lines.  This also creates less surface area of silicon 
that is exposed to the sun.  Thus, a portion of the lost efficiency and 
manufacturing cost is from the current collector lines.   
Screen Printed Current-Collector Lines 
The majority of current-collector lines in screen-printed photovoltaic cells are 
comprised of silver (Ag) paste.  Silver is a highly conductive element, which makes 
it ideal to carry the current from the silicon to the electrical grid.  This expensive 
paste is made of silver particles, with a polymer binder to easily manipulate the 
silver in the screen-printing process.  After the lines have been printed on the 
silicon, the solvent is burnt away and the silver particles meld together.  This 
requires high operating temperatures (700-800°C), making the process more 
expensive.  The efficiency of the current collector lines is dependent the 
conductivity of the silver particles after melting.  The conductivity can be 
increased if the silver particles have more points of contact, such as if 
nanoparticles were incorporated.  This will also allow thinner current collector 




The purpose of this research is to create a silver-tin nanoparticle alloy to 
incorporate into the silver polymer paste used in screen printing.  Incorporating 
silver-tin nanoparticles will reduce the manufacturing cost and increase the 
efficiency of PV cells. 
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Background 
Silver and Tin 
 
Silver is the conductive metal used in the polymer ink because of its high 
conductivity and relatively low resistivity.  Tin is an inexpensive metal, easy to 
prepare with an adequate conductivity.  By incorporating it with silver the overall 
cost of the material is reduced.  Also, the silver-tin eutectic temperature is 222°C, 
which will reduce the overall processing temperature of screen printed PV cells.  
See Table 1 for a complete list of the thermal/physical properties of silver and tin. 
 
Table 1: Thermal/Physical Properties of Silver, Tin and Silver-Tin alloy7 
Property Silver Tin 
Sn/Ag Alloy 
(96.5/3.5)5 
Melting Temperature (°C) 962 232 220 
Conductivity at 300 K (W/m*K) 429 66.6 78 
Resistivity at 273 K (10-8ohm*m) 1.467 11.5 12.3 
Thermal Diffusivity (mm2/s) 165.63 40 N/A 
 
It is noticed in Table 1 that the thermal diffusivity of silver is much higher than tin.  
It is expected that the Ag will diffuse within the Sn faster than the Sn will self-
diffuse to create Ag-Sn homogenous alloys6.  Table 1 also shows that a silver-tin 
alloy has a much lower conductivity than pure silver.  A low conductivity is 
undesirable for this application; however, this conductivity does not apply to the 
research because the alloy contains 96.5% Sn, and 3.5% Ag.  In solar panel 
applications, the alloys will be about 50% Sn and 50% Ag.  The use of nanoparticles 
will also cause this conductivity to be higher than literature. 
 
 




Nanoparticles are much smaller than bulk metal particles and so they have a larger 
surface area to volume ratio.  This increased surface area creates more contact 
points between particles when melted (see Figure 3).   
 
Figure 3: Schematic diagram showing increased contact between particles by 
addition of nanoparticles 
 
These contact points among the particles will increase the conductivity of the 
current collector lines. 
Nanoparticles also have a lower melting temperature than bulk metal.  This 
is demonstrated by the Gibb-Thompson Equation7: 
 ( )     (  
    
     
) 
(where T(d) is the melting temperature of the nanoparticle (which is a 
function of the diameter of the nanoparticle), σsl is the surface-liquid interface 
energy (for Ag=0.45 J/m2), Hf is the heat of fusion (for Ag=11,074 J/kg), ρs is the 
density (for Ag=10,490 kg/m3) and d is the particle diameter) 
 The Gibbs-Thompson relation demonstrates how the melting temperature 
is a function of a particle’s diameter.  At very small diameters, the surface free 
energy releases as the Gibb’s energy approaches zero.  The surface free energy 
creates excess energy that makes the particle less stable than the bulk metal.  This 
causes nanoparticles to melt at lower temperatures than the bulk metal.  The 
Gibbs-Thompson relation compared to experimental data is shown in Figure 4. 
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Figure 4: Temperature versus mean particle diameter, plotting the Gibbs-
Thompson relation (dotted line) versus collected data. 
The relation in Figure 4 was research done prior to this work.  The data 
points shown are melting temperatures of silver nanoparticles versus the inverse 
diameter made by homogenous chemical reduction.  These measured melting 
temperatures prove the reduced melting temperature of silver nanoparticles from 
the bulk metal as expressed by the Gibbs Thompson relation.   
This experimental work focused on a different method of silver nanoparticle 
synthesis: electrochemical deposition. 
Electrochemical Deposition 
Electrochemical deposition is the method employed to create the silver-tin 
nanostructures.  Electrochemical deposition, or electroplating, is the process of 
depositing a metal onto a substrate.  A solution containing metal ions is put in an 
electroplating cell.  An electric current is sent through the solution, which reduces 
the ions at the cathode (substrate) to create metal crystals.  This is shown by the 
reduction of silver and tin in the following reactions: 
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The amount of chemical change produced by the electrical current is 
proportional to the quantity of electricity that passes through the solution.  Thus, 
the amount of chemical change can be measured by the quantity of electricity 
applied, as given by Faraday’s law3: 
 ̇  
 
   
 
(where  ̇ is the molar rate of deposition, I is the applied current (amperes), n is 
the ionic charge and F is Faraday’s constant (F=96483 C)) 
 Electrochemical deposition starts with the nuclei forming, or nucleation.  
The nuclei then grow until the ions in the immediate vicinity of the deposit have 
been reduced.  This creates a diffusion layer between the substrate and the bulk 
solution, characterized by a metal ion concentration gradient.  The rate of 
deposition is then limited by diffusion of the ions, until the diffusion zones of 
different nuclei merge and there is constant growth of the metal.  This is where the 
majority of mass transfer of metal ions occurs to the surface.  See Figure 5 for a 
schematic diagram of these stages. 
 
Figure 5: The four stages of electrochemical deposition of silver. 
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On a very smooth substrate, with no perturbations, the current distribution 
will be even everywhere and mass transfer of the metal will be evenly distributed.  
If there is any roughness on the surface that peaks through the diffusion layer, 
more current is drawn so mass transfer will favor these peaks1.  As the metal is 
growing constantly on these perturbations, metal crystals will start to form.   
Crystal Structure of Silver and Tin 
The crystal structure of silver and tin impacts how the metals will diffuse 
through each other to form a silver-tin homogeneous alloy.  As the metal deposits, 
dendrites start to form.  Dendrites are described by a central needle with branches 
off at regular intervals and regular angles.  The angle at which the branches 
protrude from the central needle can help characterize the crystal structure of the 
dendrite.  The crystal structure of a substance is the way in which the atoms align 
themselves with respect to each other.  There are seven main categories of crystal 
structures, cubic, tetragonal, orthorhombic, rhombohedral, hexagonal, monoclinic, 
and triclinic.  These are characterized by the length of the side of the side of the 
unit cell geometry and the angle.  These are further broken down into Bravais 
lattices which give the arrangement of the atoms within their crystal structure11.   
The crystal structure of silver is face-centered cubic (see Figure 1)13 because 
the layers in the lattice constitute the {111} plane2.  A face-centered cubic structure 
is characterized by having all the cell edges equal to each other, and the cell angles 
equal to each other.   
 
Figure 6: Face-centered cubic crystal structure10. 
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The packing fraction, or the fraction of the lattice that is filled, is 74%.  
Thus, 26% of the volume of the lattice to be vacant denoted as the “interstitial 
spaces”13.  The interstitial spaces in a fcc structure leave two different sites 
available, the octahedral sites and tetrahedral sites.  Thus, within the fcc cell, these 
sites can be filled by crystals with a tetragonal or orthorhombic structure.  This is 
what allows silver and tin to create a homogenous alloy.   
Tin has two different forms, α-tin (or grey tin) and β-tin (or white tin).  
White tin is formed at room temperature and pressure, and grey tin is formed at 
higher temperatures and pressures4.   This research focuses on white tin, because it 
has a tetragonal structure and is formed at room temperature and pressure (see 
Figure 7).   
 
Figure 7: Tetragonal Structure 
 As silver diffuses through tin, the white tin will fill the empty tetrahedral 
sites in the silver fcc structure, creating a silver-tin homogenous alloy. 
 
Experiments 
This research was divided into three distinct phases: 
i. Create two aqueous solutions, one containing silver and one tin ions, and 
use electrochemical deposition to synthesize Ag-Sn homogenous alloys 
ii. Observe the synthesized nanoparticles using the scanning electron 
microscope (SEM). 
10 | P a g e  
 
iii. Determine the melting point of the nanoparticles with a differential 
scanning calorimeter (DSC)  
Electrochemical Deposition: 
 The first stage in this experiment was to produce the silver-tin 
nanoparticles.    A common method of reducing metal ions is homogenous 
chemical reduction, which requires a reducing agent.  Electrochemical deposition 
was the method used to deposit the metal, which does not need a reducing agent 
because it is done electrochemically.  First, silver was deposited to view the 
dendrite structure and the thickness of the deposition for the current and rate 
used.  The next step was to create silver-tin nanoparticles.  This was done by first 
depositing the silver and then depositing the tin.  The silver was deposited first 
because it is more reactive than tin (it has a greater electrical potential).  This is 
determined by its electromotive force (emf [V]).  To compare metals, they were 
measured against hydrogen (emf=0V), and a list of the metals generated denoted 
the electromotive series (see Table 2). 
Table 2: Electromotive series9 
Electrode Electrode Reaction emf (V) 
Gold (Au)             1.43 
Silver (Ag)           0.8 
Copper (Cu)             0.34 
Hydrogen (H)         0 
Lead (Pb)             -0.13 
Tin (Sn)             -0.14 
Nickel (Ni)             -0.25 
It is noticed that silver is higher than tin in the electromotive series.  This 
indicates that if tin was deposited first, and put in contact with a silver ion solution, 
the silver would create solid metal and the tin would dissolve in solution according 
to the reaction: 
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The methods used to synthesize the Ag-Sn homogenous alloys were: 
1) Create two solutions containing:  
Solution 1: 1 M methansulfonic acid, 0.1 M Ag methansulfonate 
Solution 2: 1 M methansulfonic acid, 0.2 M Sn methansulfonate 
2) A smooth carbon substrate was placed at the working electrode or the 
cathode (where the metal ions will be reduced) of the flat cell, ensuring 
it was centered and in contact with the electrode. 
3)  Solution 1 was added to the flat cell electrode, where the reaction would 
take place.  The current was held constant through the experiments, so 
the reference electrode and counter electrode were shorted. 
4) Turned the cell on and utilized “PowerSuite.” 
5) The method “chronopotentiometry” was used, which kept the applied 
current constant at 10 mA for 30 seconds.  The potential at the working 
electrode was measured over time.  
6) The cell was then turned off, the solution carefully removed, and the flat 
cell electrode cleaned thoroughly with DI water without disturbing the 
sample. 
7) Solution 2 was added to the cell.   
8) The method “chronopotentiometry” was used again, at 10 mA and 30 
seconds. 
9) The solution was removed, the cell cleaned and the sample cleaned to 
bring to the scanning electron microscope. 
Scanning Electron Microscope (SEM) 
 
To view the sample is critical in determining if the silver diffused through 
the tin and created a silver-tin homogenous alloy.  This was done using a scanning 
electron microscope (SEM).  The SEM works by scanning an electron beam over 
the surface of the sample. As the electrons reflect off the surface of the sample, a 
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sensor collects data and generates a signal.  This signal is used to construct an 
image of the surface of the sample, which is sent to a computer (see Figure 8). 
 
Figure 8: Schematic diagram of a SEM. 
A SEM image can view the structure up to 50,000 times zoom (although it 
starts to distort the image around 30,000x), and can analyze the amount of 
elements in the sample.  The samples created using electrochemical deposition 
were viewed through the SEM and copies of the observed images were recorded to 
further analyze.   
The elements contained in the samples were also measured when observing 
a silver-tin alloy.  The melting point of the sample was then measured using a 
differential scanning calorimeter. 
Differential Scanning Calorimeter (DSC) 
The main purpose of incorporating tin into the silver particles is to reduce 
the cost by using a less expensive material, and reducing the operating 
temperature.  The temperature of the silver-tin samples created was measured by 
melting them in a DSC.  A DSC measures the melting temperature(s) of a sample 
by taking the difference in applied heat flow between a sample and a reference as 
the temperature is increased linearly with time.  As the sample melts, more heat 
13 | P a g e  
 
will be applied because of the enthalpy of fusion of the melting sample.  This is 
shown in Figure 9. 
 
Figure 9: Schematic diagram of differential scanning calorimetry.   
 The computer generates a graph of the heat flow from the sample over time.  
The temperature that the sample melts at can be determined by finding the onset 
temperature at the heat flow peaks.  Figure 10 shows a graph of the heat flow over 
time from the DSC. 
 
Figure 10: DSC graph of heat flow from sample over time. 
The methods employed to use the DSC were: 
1) Measure the mass of the aluminum crucible, add the sample to the pan 
and measure the mass of the sample. 
2) Press the crucible lid onto the crucible and place the sample in the DSC. 
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3) Open DSC program (STARe), and set the temperature to reach 500°C 
with a heating rate of 10°C/min.  
4) Integrate the onset of the heat flow curve to determine at what 
temperature the sample melted. 
5) Record the melting point(s) of the sample. 
Reflow 
 The sample was melted to determine the conductivity of the overall sample, 
how the tin-silver will melt together,  and  if the sample will adhere to the surface 
(or “wet” the surface) and how much of the sample will melt at low temperatures.  
This was done in a furnace (see Figure 11). 
 
Figure 11: Reflow testing of the silver-tin samples in a furnace. 
The procedure used for reflow testing was: 
1. Place sample in the furnace, ensuring it is touching the thermocouple. 
2. Turn furnace on, setting the temperature to 300°C.   
3. Wait until the furnace reaches 300°C, then turn back down to 25°C. 
4. Wait until the furnace is at 25°C before removing and observing. 
The reflow samples were then brought to the SEM to further observe how the 
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Results and Discussion  
 
The results discussed in this lab are for the various samples made 
throughout the experiments.  The samples created and analyzed are summarized 
in Table 3.  All samples were created with a current of 30 mA at various times. 






0.1 M Ag, 
time (sec) 
0.2 M Sn, 
time (sec) 
1 02/14/12 Ag 30  - 
2 02/17/12 Ag/Sn 30 30 
3 02/29/12 Ag 5 - 
4 03/09/12 Ag 60 - 
5 03/09/12 Ag/Sn 30 30 
6 03/23/12 Ag/Sn 30 150 
7 04/06/12 Ag/Sn 30 1800 
Potentiometry Response 
The potentiometry response of the chronopotentiometry experiments was 
observed to speculate on how the ions were reduced at the cathode.  Figure 12 
shows a potentiometry graph of potential versus time for the deposition of silver 
on the carbon substrate.  The four zones of deposition are analogous to those 
found in Figure 5.   
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Figure 12: Potential (V) versus time (s) of silver electrochemical deposition. 
 As the rate of the reaction (current) was held constant through these 
experiments, the driving force (potential) was varied to maintain a constant rate of 
deposition.  This is shown in Figure 12.  Zone 1 is assumed to be where nucleation 
occurs.  As the nuclei grow (Zone 2), a larger driving force is required as a diffusion 
layer is being formed around the nuclei.  Diffusion inhibits growth in Zone 3, 
which is due to a concentration gradient from the bulk solution to the surface.  
This is denoted by Fick’s Law3: 
      
   
  
 
(where Ji is the mass flux, Di is the diffusion coefficient, and 
   
  
 is the change in 
concentration over time) 
This shows how the flux is affected by the concentration gradient.  Zone 4 denotes 
where the diffusion zones of the nuclei have merged, and the metal is depositing at 
a constant rate.  This is assumed to be where dendrites form.   
These potentiometry results were consistent throughout all experiments (of 
the initial deposition of silver), showing that the same deposition process is 
occurring every time, despite a change in the length of the experiment.  Once the 
film was formed, the thickness of the deposit was studied. 
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Deposit Thickness 
The deposit thickness determines if the settings of the experiment (a 
current of 0.01 A and approximately 30 seconds) will give a deposit that is on the 
nanoscale, which is desired.  The mass of metal deposited and thickness of the 
deposit of silver and tin on each sample was calculated using Faraday’s Law (see 















(where N is the number of mols deposited) 
For each sample, I=0.01 A, F=96500, n=1 for Ag, n=2 for Sn 













   
For silver (MW=107.87 g/mol, =10.49 g/cm3) 
           (      
 
   
)                
          (
   
       
)               
Assuming that the sample deposited evenly across the entire surface, the thickness 
of the deposit can be determined.  In reality, this did not occur, as shown by the 
SEM, because the surface perturbations did not allow even growth.  However, 
these values give a rough approximation as to whether the particles are on the 
nanoscale.  The diameter of the circular plated sample was 1 cm, so the thickness 
was calculated from: 









 4.07105cm  407nm
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Thus, it was determined that for an even growth the thickness of the deposit was 
about 410 nm.  See Table 4 for the mass and thickness of the silver and tin deposits 
for each sample. 
Table 4: Thickness of the silver and tin deposit (s) 
Sample 
Number 
Mass of Ag 
(mg) 











1 0.335 - 410 - 410 
2 0.335 0.185 410 320 730 
3 0.056 - 70 - 70 
4 0.671 - 810 - 810 
5 0.335 0.185 410 320 730 
6 0.335 0.923 410 1600 2010 
7 0.335 11.07 410 19140 19550 
  
These values were all calculated from Faraday’s law, however these are 
rough approximations.  The concentration of the solution will change for each 
sample being plated, which was not taken into account.  Samples 2 and 6 were 
analyzed by the SEM, and their calculated weight percent is compared to their 
measured weight percent in Table 5. 
Table 5: Calculated vs. measured weight percent of Ag and Sn in Samples 2 and 6. 
Sample Analysis Weight % Ag Weight % Sn 
2 
Calculated 64 36 
Measured 51 49 
6 
Calculated 27 73 
Measured 14 86 
Table 5 shows that the calculated weights of the silver and tin are rough 
approximations of the actual weight. 
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Deposit Structure 
The structure of the deposits was observed to compare the silver dendrites 
to the tin dendrites, and note how the silver diffused through the tin.  Samples 1, 2 
and 6 were viewed using the SEM.  Sample 1 was solely silver, sample 2 is a silver-
tin deposit and Sample 6 was observed after reflow.  Figures 13, 14 and 15 compare 
the three deposits on similar magnification scales.  
 
Figure 13: Sample 1 deposit 
 
Figure 14: Sample 2 deposit 
 
Figure 15: Sample 6 deposit 
By viewing these three samples with the same magnification, it is noticed in 
Figure 13 that there are Ag nuclei with Ag dendrites formed in certain sections on 
top.  Figure 14 shows that the nuclei deposited are about the same size as the silver 
deposit, but the dendrite clusters are larger and thicker.  This makes it apparent 
that the tin has also formed dendrites within the silver dendrites.  Figure 15 
highlights the silver-tin after reflow of Sample 6.  Sample 6 had a larger mass of tin 
deposited than silver, to encourage melting of the metal during reflow.  This is why 
the dendrite clusters are larger and closer packed on top of the particles.  Figure 15 
also shows tiny nuclei that have deposited and not grown.  These have not grown 
because the rate of deposition was higher in areas where the carbon substrate had 
perturbations.   
Further analyzing these samples, the structure of the dendrites can 
determine if the silver diffusion through the tin has created an alloy.   Sample 1 in 
Figure 16 shows the distinct structure of silver nanoparticles.  This is similar to the 
structure seen in Figure 17, which is thus assumed to be a silver dendrite. 
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Figure 16: SEM picture of Sample 1. 
 
Figure 17: SEM picture of Sample 2. 
Figure 18 is of the same structure as shown in Figure 17, but it is less 
magnified to view how the silver seen in Figure 16 has diffused around and above 
the tin particles.  Figure 18 and 19 are of Sample 2, composed of silver and tin.   
 
Figure 18: Silver dendrites around tin 
particles in Sample 2. 
 
Figure 19: Silver and tin dendrites 
around particles in Sample 2. 
 
It is difficult to determine exactly which dendrites are silver and which are 
tin, but it is apparent that there is layering in the growth of the deposits.  The 
suggestion that the silver dendrites in Figure 18 are diffusing around the tin 
indicates the possibility of a homogenous alloy being formed.  To further 
characterize if a homogenous alloy was formed, the melting temperature of the 
sample was measured.   
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 While it is difficult to quantify these results without exact measurements of 
the angles of the needles of the dendrites, it is also difficult to obtain accurate 
measurements of the angles.  The silver dendrites shown in Figures 16 and 17 have 
measured angles of approximately 30-40°.  It is difficult to compare this to tin, so a 
(assumed) tin dendrite was determined from the SEM pictures.  Figure 20 shows a 
presumed tin particle with a tin dendrite just initializing growth.   
 
Figure 20: Presumed tin particle with initial tin dendrite growth. 
The angle of this presumed tin dendrite was also about 28-30°.  This shows 
the inaccuracy of these measurements and how difficult it is to identify exactly 
what is seen in the SEM images.  To further identify the difference between these 
deposits, another method will need to be utilized to characterize the structure of 
the silver and tin dendrites. 
Melting Temperature 
Another method of determining if a homogenous silver-tin alloy was 
formed was by measuring the melting temperature of the sample.  The eutectic 
temperature is silver-tin is around 220°C, whereas the melting temperature of tin is 
232°C and silver is 962°C (see Table 1).  The melting temperature(s) of Samples 2, 4 
and 6 were measured from the DSC.  One melting temperature was found for 
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Sample 4 because it was solely silver.  Sample 2 and 6 were silver and tin, so there 
were multiple melting temperatures.  These are shown in Table 6. 
Table 6: Melting temperature(s) of Samples 2, 4 and 5. 
 Sample 4 Sample 2 Sample 6 









Table 6 shows that for the silver tin samples, there were four distinct 
melting temperatures measured between 25-500°C.  The first measurement of 
Sample 2 and 6 is around the eutectic of silver-tin (213°C and 228°C), and is thus 
assumed to be a silver-tin homogenous alloy.  The second melting temperature of 
Samples 2 and 6 is around the melting temperature of pure tin (the melting 
temperature of pure tin is 232°C, and the measured melting temperatures were 248° 
and 234°C).  The third and fourth melting temperatures (between 360-470°C) are 
around the melting temperature of previously measured silver nanoparticles 
(shown in Figure 4).  Sample 4, which was pure silver, melted around 300°C, 
indicating that it is reasonable to assume the third and fourth measurements are 
silver nanoparticles.   
These melting temperatures indicate that the sample is a mixture of silver-
tin alloy, tin particles and silver nanoparticles.  There is most likely bulk silver in 
the sample as well that was not melted, but the limitations of the instrument do 
not allow this to be measured.  
Reflow Structure 
 The structure of the sample after reflow was observed with Sample 6, which 
contained 86% Sn and 14% Ag.  A larger amount of tin than usual was deposited to 
ensure the sample would melt below 300°C (the maximum of the instrument).  
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300°C was also desired because in this range silver-tin alloy and tin would melt.  
The sample that underwent reflow is shown in Figure 21.   
 
Figure 21: Sample 6 after reflow 
 It is evident from Figure 21 that the sample did not melt to form a flat, even, 
cohesive surface, as was the desired effect.  Some particles are much larger than 
previously seen, indicating that some of the material melted together.  However, it 
did not melt to the surface or together fully.  This indicates that the metal will not 
adhere to or “wet” the surface.  Sample 7 was created with a large amount of tin to 
determine if the melting temperature was too high to melt together (the added tin 
would reduce the temperature significantly).  This sample also did not see any 
melting, even though the tin should have melted at 232°C.  For reflow to work, a 
new substrate (other than carbon) will have to be explored. 
 
Conclusions 
 Incorporating silver-tin nanoparticles into current collector lines for 
photovoltaic cell efficiency has many benefits, but also many challenges to 
overcome.  This research has identified the potential and the challenges with 
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silver-tin nanoparticle deposition.  It is evident from the melting temperatures and 
the SEM images that a silver-tin alloy is synthesized; however, there are also a lot 
of tin particles being created as well.  Incorporating large amounts of tin particles 
would lower the overall conductivity of the metal, which is undesired.   
  A silver-tin alloy was identified; however, reflow was not achieved.  It is 
evident that another substrate will have to be used for future silver-tin depositions 
if reflow is the goal. 
 
Recommendations 
 Many future research possibilities were obtained from this investigation.   
Depositing silver-tin samples directly onto silicon for reflow would be a beneficial 
direction to determine if it can be melted directly onto the photovoltaic cell.  
Further research into the electrochemical deposition of the silver tin alloy could 
include investigating a silver-tin solution that will allow the particles to deposit 
and diffuse into each other simultaneously.  Also, identifying methods to deposit 
the metal evenly, and determining exactly what particles have deposited and 
diffused through each other would be interesting.   
After this method is further investigated and a steady supply of silver-tin alloy 
is created, the silver-tin nanoparticles can be incorporated into the silver-polymer 
paste and screen printed onto a silicon solar cell.  The melting temperature, 
efficiency, conductivity and resistivity of the current collector lines can then be 
measured before investigating a scale up of this process. 
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